Cosmological simulations of the ΛCDM model suggest that the dark matter halos of dwarf galaxies are denser in their center than what observational data of such galaxies imply. In this letter, we propose a novel solution to this problem by invoking a certain class of dark matter self-heating processes. As we will argue, such processes lead to the formation of dark matter cores at late times by considerably reducing the inner mass density of dwarf-sized halos. For deriving concrete results, we focus on semi-annihilating dark matter scenarios and model the inner region of dark matter halos as a gravothermal fluid. An important aspect of this new solution is that the semiannihilation effects are much more prominent in dwarf-sized halos than in the more massive halos that host galaxies and clusters, even if the corresponding cross sections are the same. Furthermore, the preferred parameter space for solving the small-scale problem suggests a thermal dark matter candidate with a mass below the GeV scale, which can be probed in dark matter direct and indirect detection experiments.
I. INTRODUCTION
The ΛCDM model is well accepted as the standard theory of astrophysical and cosmological phenomena. Nonetheless, there exists a large amount of evidencemostly based on collisionless dark matter (DM) simulations without baryons-which suggests that this model tends to overproduce the central DM density of the small halos in comparison with observations. Such a mass deficit in the inner halos, conventionally referred to as the "core-vs-cusp" [1] [2] [3] and "too-big-to-fail" [4, 5] problems, has been explained in the literature with various mechanisms that raise the entropy of the DM phase space. For instance, these include self-interacting DM (SIDM) [6] , or processes that directly heat up the DM particles in the center: slow decay of nearly-degenerate DM [7] [8] [9] , supernova-driven baryonic winds [10] [11] [12] [13] or infalling baryonic clumps [14] [15] [16] [17] . See Refs. [18, 19] for recent reviews that include a comprehensive list of possible solutions. Here we propose a new mechanism in which DM particle heats up itself, alleviating the aforementioned discrepancies between observations and cosmological simulations. For the purpose of illustration, we will focus on the case of semi-annihilating DM processes, which produce DM particles with large kinetic energies.
In order to study the impact of DM self-heating processes on the halo density distribution, we will adopt the gravothermal fluid approximation [20, 21] . Such an approximation has been shown to describe reasonably well the features of weakly collisional systems at relatively long time scales [22] [23] [24] , For the sake of concreteness, several reasonable yet non-trivial simplifications have to be made. Therefore, we emphasize that further N-body simulations will be necessary not only to confirm our re- * Electronic address: xiaoyong.chu@oeaw.ac.at † Electronic address: camilo.garcia.cely@desy.be sults but also to provide more precise predictions for observations.
As will be explained, the mechanism proposed here has some novel features. First of all, the heating-up effect only relies on DM particle properties and it is thus independent of baryons or environmental conditions. Secondly, picobarn-scale interactions are enough to alleviate the small-scale problems and there is no need to introduce strong self-scattering cross sections at the level of cm 2 /g. Besides, the physical effect has the desired velocity dependence to avoid stringent bounds from cluster observations. This paper is organized as follows. In Section II, we first show how shallow cores in DM halos can be generated from DM semi-annihilations. Then, we will quantitatively discuss their impact on halo dynamics in several examples. In Section III, we examine experimental constraints and discuss possible detection signatures of self-heating DM. We conclude in Section IV by presenting a summary and an outlook of this work. Appendices A and B are respectively devoted to a summary of the gravothermal fluid approximation and derivations of analytical results.
II. CORE FORMATION
A. Absorption of heat in the fluid picture
As stated above, we are interested in studying halos in the presence of DM inelastic collisions that release energy. For concreteness, we consider the semi-annihilation process, DM + DM → DM + φ, where φ is a state much lighter than DM. In such a process, the final DM particle gains an amount of energy δE per collision. In the light of this, we model the halo evolution under the following assumptions:
(i) We assume that the lighter state φ quickly escapes arXiv:1803.09762v2 [hep-ph] 5 Jul 2018 and does not have any effect on the halo subsequently.
(ii) In general, DM elastic collisions will prevent a fraction of the energetic DM particles from leaving the halo, and also re-distribute the kinetic energy gained from semi-annihilations among all DM particles. In average, such a re-distribution happens in the inner region of the halo. Hence, the rate per unit mass at which the DM halo is heated will be characterized by ρ ξδE σv semi /m 2 , where ρ is the DM mass density, m is the DM mass and σv semi is the inelastic cross section. Here, ξ is a dimensionless coefficient determining the efficiency of the capture process, which is expected to be much smaller than one.
Notice that the semi-annihilation cross section σv semi is typically velocity independent [25, 26] . For example, that is the case if it is induced by contact interactions. With this in mind, we will assume that ξδE σv semi is a fixed parameter unless otherwise stated.
(iii) Elastic scatterings or even gravitational interactions thermalize the DM halo at the center [27] . This allows us to treat the DM particles as a gravothermal fluid. See Appendix A for details. Then, the DM temperature and the entropy per unit mass are respectively given by
where σ 0 is the DM velocity dispersion due to the thermalization.
Moreover, thermalization processes are assumed to be fast enough so that the temperature is almost uniform in the inner part of the halo. Notice that this approximation is best suited for a radius smaller than both the DM mean free path associated with elastic scatterings and the gravitational scale height r G ≡ (σ
With the assumptions above, we can now specify how heat is absorbed. The change of heat per unit mass, δq, is determined by heat conduction and inelastic scatterings. In our case, according to (iii), in the inner part of the halo the temperature is approximately uniform and the conduction term is negligible.
1 Then,
1 More precisely, the heat change per unit mass induced by conduction is given by (δq/δt) conduction = ∇ · (κ∇T ) /ρ 0 . In fact, the thermal conductivity κ is also small (see Appendix A).
with J ≡ ξ δE/T = ξ/(4σ 2 0 ). This is just the energy absorption rate per mass, as explained above. We will take J 1 so that the energy absorption plays a major role in the halo dynamics.
B. Outflow of DM particles
A slow release of heat increases the entropy, and according to Eq. (1), it can raise the temperature and decrease the DM density. A change in the latter is equivalent to a collective motion of particles, which can be described by a macroscopic velocity V. We will assume that this process happens in quasi-static equilibrium, where |V| σ 0 . In such a regime, Eq. (2) as well as the known relation between entropy change and absorbed heat, ds = δq/T , leads to
In addition, the evolution of DM mass density is also described by the continuity equation
Here, δN/δt ∝ ρ σv semi /m, is the rate of change in the number of DM particles in the halo. The exact proportionality factor is a number in between one and two, depending on the efficiency of the capture process. Furthermore, the pressure induced by the velocity dispersion, together with a subleading contribution from the collective motion of DM particles, balances the gravitational force on the DM, σ 2 0 ∇ρ + ρ (∂V/∂t + (V · ∇)V) = −ρ∇Φ. Here Φ is the gravitational potential which is determined by the baryon and the DM density. The lack of knowledge of the baryon density precludes a detailed analysis of the gravitational dynamics of the halo. Nevertheless, Eqs. (1), (3) and (4) already convey sufficient information about the DM distribution in the center of the halo. In fact, since close to the center the velocity dispersion is uniform, they imply
In the last line, we have made use of the fact that we are focusing on processes such that J 1, as mentioned above. This is a key equation describing the evolution of the halo, which shows that the dynamic time scale of the halo is determined by the inelastic interaction rate times J , instead of simply the interaction rate. Moreover, it implies that the positive entropy injection tends to either increase the velocity dispersion (i.e. conduction), or reduce the central mass density by creating a macroscopic outflow of particles (i.e. convection).
Inverse power law NFW Einasto (α = 0.1)
The time evolution of the DM density in the presence of semi-annihilations. The initial condition (t=0) is shown in black and corresponds to the inverse power law (left), the NFW (middle), and Einasto (right) profiles. The subsequent profiles at t = 0.1t J , t J , 10t J are shown as dashed, dotted, dash-dotted curves, respectively. Bottom panel: Same as the top panel but for the velocity evolution. In each panel quantities have been re-scaled with respect to ρ 0 , r 0 /t J and r 0 (see Eq. (12)).
For a realistic DM halo, convection is more efficient in transferring heat than thermal conduction [27] , as follows from the fact that the conduction term (see Appendix A) is suppressed by both a small thermal conductivity and a nearly flat temperature profile in the inner halo. Hence, to proceed further, from now on we neglect the timederivative of the velocity dispersion and obtain
where the last equation applies to only spherical halos. There,ρ is the average DM density inside the sphere of radius r, i.e. its total mass divided by the volume.
We conclude that the outflow of DM particles is determined by the DM surface density (∼ρr) and the strength of energy absorption. Before discussing the consequences of this for the formation of DM cores, let us apply Eq. (6) to the quasi-static condition V σ 0 . We obtain
where H 0 is the expansion rate at present. On the other hand, in order for semi-annihilations to have observable effects, the dynamic time scale of such processes must not be much larger than the age of the Universe. That is, the energy absorption rates of interest here should be comparable to the expansion rate. This is consistent with Eq. (7), so both conditions can be easily satisfied for dwarf-sized halos, where σ 0 ∼ O(5) km/s and typical distances are measured in kpc.
C. Evolution of the inner density
The macroscopic velocity given by Eq. (6), together with the continuity equation, allows one to calculate the DM density in the center of the halo. In fact, analytical solutions are found if δN/δt is neglected in Eq. (4). We have numerically verified that including such a term in the continuity equation does not alter the results as long as J 1. Quantitatively, ∂ρ/∂t + ∇ · (ρV) 0 and Eq. (6) are a closed system of equations. As derived in Appendix B, the corresponding solution is
where R = R(t, r) is a function implicitly defined by
with
Here we have introduced a time scale t J with respect to any characteristic DM density ρ 0 of interest. The latter can be associated with the initial density profile, as will be specified below. Note that at early times when t t J , we have R(t, r) r, so the solution becomes ρ(t, r) ρ(0, r), as expected. This also means that at such early times the elastic and inelastic collisions are effectively absent and therefore ρ(0, r) is essentially the same as that in collisionless DM models.
Cosmological simulations of halos composed of only collisionless DM suggest a sharp increase in the DM density at small radii. Motivated by results from those simulations (see e.g. Refs. [28, 29] ), we consider the following cuspy profiles as initial conditions of Eqs. (12) Notice that the equation above explicitly defines ρ 0 and thus the value of t J for each profile.
The impact of the semi-annihilation process on the halo evolution is illustrated in Fig. 1 for t/t J = 0, 0.1, 1, and 10. For each profile, the top panel of the figure shows that the DM density in the inner halo is continuously decreasing due to the outward flow driven by entropy injection. Furthermore, the cusp in the DM density that is initially present in each profile eventually evolves into a core. For the sake of illustration, the corresponding flow velocity for each profile is also shown in the bottom panel. Notice also that, at large radii the DM density is essentially the same as its initial value, i.e. the one given by cosmological simulations. The semi-annihilation effects are thus only relevant in the inner regions.
As a matter of fact, a generic prediction of this scenario is the formation of a growing DM core for t > t J , regardless of the initial condition. To see this, notice that Eq. (10) suggests that for large t and small r -when the second term on its R.H.S. dominates-we have R(t, r) r and hence V(t, r) r/3t. In the previous three examples, this asymptotic behavior can be directly seen in the bottom panel of Fig. 1 . Since ρ m∇ · V/ σv semi J , we conclude that the DM density becomes uniform for sufficiently large times and small radii. The region where this takes place defines a core with mass density 2 ρ(t, r) ρ c (t) = m σv semi J t .
Notice that the initial condition does not enter in this equation. We have verified that such a relation holds for all the density profiles shown in the top panel of Fig. 1 when t t J and r r 0 . This can be easily seen from the fact that ρ c (t) = ρ 0 t J /t.
It is worth pointing out that the core formation described by Eq. (13) can be considered as a direct consequence of the two basic arguments we have made in this section: a) that the dynamical time scale is given by Eq. (11), and b) that the entropy injection tends to modify the DM density (rather than the velocity dispersion). This suggests that Eq. (13) should also apply to more general scenarios as long as these two arguments hold. One example is the case of decaying DM, where cosmological simulations show that similar heat absorption rates can solve the small-scale problems [9] .
III. PHENOMENOLOGY OF SELF-HEATING DARK MATTER
As stated in the Introduction, our primary interest is the DM halos of dwarf galaxies. It is conceivable that they have already entered in the core-formation phase, that is, t age > t J . Then, Eq. (13) leads to
Observations suggest that dwarf-sized halos exhibit core densities with ρ c ∼ 0.5 M /pc 3 , velocity dispersions of the order σ 0 ∼ 5-10 km/s and are typically 10 10 years old. See Table 1 of Ref. [34] for a comprehensive compilation of dwarf galaxies with their structural parameters. Substituting these numbers into Eq. (14), our model im-
is reminiscent of the relation ρ c σv elastic t age /m 1, arising for the core formation process in the SIDM scenario [35] . In the latter case, the DM entropy increases in the inner halo because of elastic scatterings, which are characterized by σv elastic /m. In contrast, the entropy change in 2 A similar core also appears for DM annihilations (e.g. [33] ). Nevertheless, in that case the core is expected to be much smaller because the corresponding core density is determined by the annihilation rate. The values of σv semi preferred by the observed core in dwarf-sized halos are given by black solid lines for various capture efficiencies ξ. If the light particle φ interacts electromagnetically, the CMB limits from Ref. [36] exclude the red shaded region. AMS bounds on semi-annihilations into states producing positrons are given in the blue shaded region [37] [38] [39] . Above the dashed line, a DM production mechanism other than thermal freeze-out is required. 
Hence, roughly speaking, the formation of a shallow core can be explained by cross section values below a few picobarns, much smaller than those needed in the SIDM case (typically σ elastic /m ∼ mb/MeV). For the more massive halos that host galaxies and clusters, the velocity dispersions are of the order 100 − 1000 km/s, so their values of J are only 10 −2 to 10
of those of dwarf-sized halos. According to Eq. (11), the dynamical time scale t J becomes significantly larger in massive halos, and as a result DM semi-annihilation does not play an observable role there. That is, observational data from clusters does not constrain our scenario.
3 This is another difference in comparison with the SIDM sce-3 While core formation does not happen in cluster-sized halos, the latter might be affected by the fact that they grow hierarchically from accumulation of smaller halos where semi-annihilations can be relevant [40] . The study of such an effect requires a cosmological simulation, which lies beyond the scope of this work.
nario. The latter -without semi-annihilations -is disfavored if the DM self-scatterings are induced by a contact interaction. In that case, σ elastic /m is velocity independent and the corresponding value needed to address the small-scale problems in dwarf galaxies generates too shallow cores in very massive halos, in apparent contraction with observations of galaxy clusters [35, 41] . 4 Furthermore, in contrast to the SIDM case, the evaporation of the small subhalos moving inside cluster-sized halos does not constrain our scenario. This is because the evaporation rate is given by
Then, according to Eq. (14), the evaporation time scale is much larger than the age of the halo, making evaporation constraints negligible. There are two important implications of Eq. (15). On the one hand, in the case of a velocity-independent σv semi , the abundance of DM can be thermally produced in the early Universe (for m 10 GeV). Depending on ξ, the thermal freeze-out of the semi-annihilations could solely give rise to the observed relic density. Nevertheless, other processes could also play the dominant role at freeze-out. This is plausible given the fact that semi-annihilations such as DM + DM → DM + φ typically take place together with DM + DM → φ + φ or with 3 → 2 processes [43, 44] . We would like to remark that if the semi-annihilation process is velocity suppressed, the DM abundance can not be generated from a thermal freeze-out. Despite all this, σv semi fairly different from 3 × 10 −26 cm 3 /s is also conceivable if a production mechanism other than thermal freeze-out is invoked, as has been done for SIDM (see e.g. [45] ).
On the other hand, Eq. (15) also suggests that this scenario can be tested by means of the indirect searches of the light particle φ produced in the semi-annihilation process. We first consider the case in which φ interacts electromagnetically. Then, indirect searches from astrophysical objects are typically not competitive with respect to cosmic microwave background (CMB) bounds for sub-GeV DM. This is because of the so-called MeV gap, where current indirect detection experiments are not sensitive enough. In fact, currently the only relevant astrophysical constraint comes from considering DM semiannihilations into a light particle that subsequently produces positrons. In that case, results from AMS antimatter searches exclude cross section larger than 10 −28 cm 3 /s for DM heavier than several GeV or in the mass range in between 10 and 70 MeV [37, 38] .
At the same time, DM semi-annihilations during the dark ages -the time between recombination and reionization, when CMB photons travel freely in the Universe -could modify the CMB temperature spectrum and its polarization modes via the electromagnetic interactions of φ. Consequently, the precise measurements from Planck [46] set stringent constraints on σv semi at high redshifts. We use the results from Ref. [36] to constrain our scenario after adapting them for the s-wave semi-annihilations considered here.
The aforementioned AMS and CMB exclusions as well as the regions where Eq. (14) is fulfilled are shown in Fig. 2 . These correspond to the blue and red regions, and the area on the bottom-right gray corner, respectively. We have taken σ 0 = 5 km/s, ρ c = 0.5 M /pc 3 and t age = 10 10 years [34] . Note that the remaining white region will be probed by future CMB-S4 experiments [47] . Moreover, if the DM (or the light particle φ) is in chemical equilibrium with the baryon-photon plasma, m O(10) MeV can be excluded by the bound on N eff derived from Planck [48] . Nevertheless, since such exclusion is model dependent [49, 50] , we do not depict it in the plot. Fig. 2 suggests two experimentally allowed possibilities. One of them, corresponding to the white region, is that the capture efficiency is relatively large with ξ 0.03. The other one is that the CMB/AMS bounds in the colored regions do not apply. One simple realization of the first possibility corresponds to situations where the elastic collisions are frequent enough to efficiently trap the energetic particles in the DM halo. Therefore, the elastic scattering processes must be sufficiently strong, with σ elastic /m not far from O(0.1) cm 2 /g. Such a realization is in fact a combination of the semi-annihilating DM and the standard SIDM scenario with contact interactions, in which σv semi and σ elastic are both velocity independent. Determining whether such a realization is still compatible with the cluster observations discussed above requires a more dedicated study that includes a numerical fit of N-body simulations of the full model to the observational data. Nonetheless, it is clear that our scenario with Eq. (15) The other possibility is that the CMB/AMS bounds do not apply, which opens up the parameter space. This corresponds to the cases where the DM semi-annihilation is velocity suppressed or only produces neutrinos or other invisible particles. For instance, if DM semiannihilates into only neutrinos, relevant indirect detection bounds are well above the thermal cross section (see e.g. Ref. [52] ), making our scenario effectively unconstrained. Likewise, the light particle φ involved in the semi-annihilation process can also be a sub-leading DM component or dark radiation [26] , in which case the parameter region shown in Fig. 2 is also unconstrained.
A final remark is in order before the end of this section. Notice that, since the semi-annihilation products are relativistic, once they reach Earth, they can transfer detectable recoil energies to the targets of direct detection experiments via elastic collisions. This leads to signatures similar to those of boosted DM scenarios [53] . Nevertheless, since the mechanism proposed here does not rely on the couplings between DM and the Standard Model particles, these associated constraints will be discussed elsewhere.
IV. SUMMARY AND OUTLOOK
In this work, we have investigated self-heating DM processes in the center of DM halos as a plausible explanation for the small-scale problems of the ΛCDM model. For doing so, we have focused on the particular case of semi-annihilating DM and have modeled the central region of the halos as a fluid meeting the criteria (i)-(iii) of Section II. Under this set of simplifying assumptions, we have shown that DM mass distributions exhibiting a cusp at early times eventually form a shallower core. We have argued analytically that this phenomenon is the result of an outflow of DM particles induced by the heat injection. Our main results are also numerically illustrated in Fig 1  for cases in which the initial DM density is described by several well-motivated cuspy profiles.
Subsequently, we have discussed the phenomenological implications of our hypothesis. First, our DM candidate can be thermally produced if its mass is lighter than ∼ 10 GeV. Furthermore, the scenario proposed in this work can be probed by the indirect searches of the light particles produced in the semi-annihilation processes, as illustrated in Fig. 2 . In addition, it can be tested in direct detection experiments by observing recoils induced by the boosted particles from such processes.
The scenario proposed here has certain advantages in comparison with SIDM models. Although both of them increase the entropy in the inner halo to form a shallow core, the relevant dynamics in our case is determined by the ratio of the energy absorption to the average kinetic energy. Accordingly, our scenario has a much stronger effect in dwarf galaxies than in clusters of galaxies, even if the relevant cross sections are the same in both objects. In this sense, our proposal is an alternative to SIDM models with light mediators, which predict similar effects but are severely constrained in most cases.
On the other hand, the model presented here predicts the same galaxy rotation curves as SIDM because both give rise to the same type of density profiles, i.e. an inner core and an outer profile described by collisionless DM. In particular, the correlation between the concentration parameter and the halo mass observed in cosmological simulations is expected to hold in this scenario as well (see Ref. [54] ). This suggests that the SIDM solution to the diversity issue proposed in Ref. [55] , i.e. introducing baryonic contraction, also applies to our scenario, although the quantitative effect may vary. A conclusive statement nevertheless requires more delicate treatments of baryonic effects. We leave this for future work.
Our modeling of the DM halo is a dramatic simplification of its actual evolution in the presence of processes releasing heat. For instance, a more precise study based on the gravothermal fluid approximation can be made by considering conduction effects and a time-dependent velocity dispersion. Furthermore, a fully quantitative study requires N-body simulations of the inelastic and the capture processes. In spite of that, in all those cases, we expect similar results because the basic picture of the proposed mechanism is very clear: there is a DM process injecting energy in the central parts of the halo which creates an outflow of particles that diminishes its central abundance. Moreover, although the idea proposed in this work is illustrated in the context of semi-annihilating DM, it can be generalized to other particle-physics models where DM heats up itself.
For this, we used Eq. (6), withρ = M/V, where V = 4πr 3 /3 is the volume containing the mass M . If we take M and t as the independent variables, the previous equations can be cast in a simpler form. Namely, (∂V/∂t) M = σv semi J M/m. This means that the volume containing a fixed amount of mass increases according to
Hence, the function R = R(t, r) defined by means of V(0, M ) = 4πR 3 /3 satisfies 1 = R r 
Furthermore, using Eqs. (6) and (B2) we find that
The divergence of this expression yields ρ(t, r) = ρ(0, R) 1 + ρ(0, R) σv semi J t m −1
.
In summary, a knowledge of the initial density profile, ρ(0, r), allows to calculate the function R by means of Eq. (B3), which -according to the last two equationsdetermines the velocity and the DM density at all times.
